INTRODUCTION
============

In the last two decades the structure, rather than the genetic code, of DNA has become a focus area for research into cancer cause and treatment, genetic diseases and gene regulation ([@B1]). Of increasing interest is the transition of B- to A-DNA and the envisaged important role that A-DNA plays in cells. A-DNA or A-like DNA \[where the DNA conformation has predominately A-like DNA parameters ([@B2],[@B3])\] is considered to be the induced conformation predominant in many DNA--protein interactions including several polymerase reactions ([@B4],[@B5]), sequence specific protein--DNA recognition via hydrophobic interactions ([@B6]), and in many other interactions with a myriad of biologically important ligands ([@B7]) and counter-ions ([@B8]). Furthermore, RNA/DNA helices, such as those necessary for transcription, are predicted to exist in an A-like helix because of the inability of RNA/DNA helices to exist in a B-like form due to van der Waals crowding of the ribose C2′-oxygen of the RNA ([@B9],[@B10]). Of particular interest, A-DNA has been hypothesized as a defense mechanism against DNA damage in the spores of Gram-positive bacteria ([@B11]). This is in accordance with the known ability of A-DNA to resist UV radiation-induced damage ([@B12]) and radiosensitization by external agents ([@B13]). It is anticipated that the B to A transition might play a role in resistance to other forms of DNA damage such as heat, desiccation and toxic damage ([@B11]). This research has so far been confined to *in vitro* DNA and a small selection of spores where the presence of small acid soluble proteins (SASPs) has been demonstrated as inducing a B- to A-like conformational change in response to stress ([@B11],[@B12]). It is hypothesized that the main role of the SASPs is to induce the conformational transition and that the A-like DNA then plays a major role in the resistance to DNA damage ([@B11]). This is the only known instance of an overall B to A transition suggested to occur *in situ* (i.e. where the DNA exists in its native state and is inside the cell) and it has only been demonstrated through *in vitro* and crystallographic experiments ([@B11],[@B12]). Hitherto, the majority of the research into DNA conformation has been restricted to methods that are either purely *in vitro* or dependent on preparative techniques which compromise the integrity of the cell. The best evidence for a B-like structure of DNA *in situ* consequently comes from crystallographic experiments on intact crystallized nucleosomes ([@B14]) with supporting evidence supplied by *in vitro* Fourier transform infrared (FTIR) spectroscopic demonstration of the overall B-philic preference of native DNA in synthesized cellular conditions ([@B15]).

Here we present, for the first time, the detection of DNA conformational detail *in situ* using FTIR spectroscopy on hydrated eukaryotic cells. B-like DNA is detected in live cells and an overall shift to A-like DNA upon dehydration is observed. Subsequent rehydration of these cells reveals that the DNA returns to the native B-like form detected in the live cells. The exact mechanism and the implications of this overall genomic B to A to B transition remain uncertain; however, the ability of *in situ* DNA to maintain its structure via a transition to A-DNA when dehydrated enabling a complete return to the native B-like state upon rehydration indicates some ability to regain functionality under similar circumstances. This is unsurprising, though important evidence, when considered in relation to the family of spores known to employ an overall shift to an A-like conformation as a defense mechanism ([@B11],[@B12]) and on the local scale in all eukaryotic cells where short temporary stretches of A-like DNA are no longer considered infrequent ([@B4; @B5; @B6; @B7; @B8]). Here, however, we show that dehydration of eukaryotic cells with no documented A-like DNA-based defense mechanism does induce a consistent B to A transition and that this transition appears to enable a return to the native B-like DNA structure upon rehydration.

Furthermore, the application of FTIR spectroscopy to hydrated cells that allowed the detection of conformational detail demonstrates the importance of the cell hydration state in DNA band elucidation. In the past, most infrared spectroscopy of biological samples has been conducted on dehydrated cells and tissue because of the strong overlap of the water deformation mode in the amide region (1710--1500 cm^−1^) ([@B16]). Here, we demonstrate that in the dehydrated state some DNA marker bands are more difficult to detect and interpret because of band broadening and intensity loss whereas in the hydrated state, these bands are more easily observed. This result has far-reaching implications for cancer diagnosis using FTIR spectroscopy ([@B17]) where the detection of the relative DNA concentration is an important marker for dysplasia ([@B16]) and neoplasia ([@B18]).

MATERIALS AND METHODS
=====================

FTIR spectroscopic techniques
-----------------------------

To demonstrate the reproducibility of this research, three different FTIR spectroscopic techniques were used. Transmission FTIR (T-FTIR) was used primarily to record the spectral series of the reference samples of double- and single-stranded DNA and RNA. This technique requires the compression of a very thin smear of liquid between infrared-transparent plates and the transmission of the infrared beam through the sample. Synchrotron-FTIR (S-FTIR), while operating in an identical manner, allows for a high photon flux infrared beam and diffraction limited resolution allowing the targeting of individual cells. Attenuated Total Reflectance FTIR (ATR-FTIR) takes advantage of the evanescent wave effect that occurs when light undergoes total internal reflectance inside a crystal. By positioning a sample flush against the sampling crystal, the infrared beam penetrates a few micrometers and the resultant spectrum corrected to provide essentially an absorption spectrum. ATR-FTIR spectra were acquired of all samples and potential artifacts from limited penetration of the infrared beam were ruled out by comparison with spectra taking using T-FTIR and S-FTIR.

FTIR spectra of double- and single-stranded DNA and RNA
-------------------------------------------------------

Wet films were prepared using single-stranded DNA from salmon testes (≥65% single stranded, mol. wt. ∼50 kb) and double-stranded DNA from calf thymus (mol. wt. 8--15 kb; 42% GC content) (Sigma, St Louis, MO, USA) by dissolving ∼1 mg/ml in ultrapure water at 4°C. RNA from the yeast *Saccharomyces cerevisiae* was similarly prepared (2 mg/ml, Sigma). Application of ∼50 µl of sample solution between two calcium fluoride windows was found to give good signal. Spectra were collected every 30 s in ambient conditions until no difference was recorded between spectra taken over an hour. Rehydration was achieved by placement of ∼500 µl wet sample on a single calcium fluoride window and drying under nitrogen. Ultrapure water was then introduced onto the calcium fluoride window directly beside the beam path. Spectra were taken every 20 s and water was added to the same spot to keep a reserve of ∼50 µl. In all benchtop experiments, 64 co-added scans were taken over the region 4000--800 cm^−1^ with a resolution of 6 cm^−1^. All transmission spectra were obtained using a Bruker IFS Equinox FTIR system. For ATR-FTIR measurements the same system was paired with a Golden Gate single bounce diamond micro-ATR spectrometer. Second derivatives with a Savitzky-Golay smoothing point value of nine and peak picking were performed with OPUS software, version 6.0.

FTIR of chicken erythrocytes
----------------------------

Chicken erythrocytes were purchased in lithium heparin and used within 2 weeks of bleeding (AIV&MS, Adelaide, Australia). All samples were washed as previously detailed ([@B19]). Erythrocytes were suspended 1 ml/ml in isotonic saline and ∼20 µl of the suspension was applied to a single pass diamond window ATR. For S-FTIR measurements, 40 µl of cell suspension was smeared on a calcium fluoride window and a 50-µl droplet of isotonic saline placed at the periphery of the window to keep the sample hydrated during calibration. Single blood cells were identified within 50 µm of the droplet and spectra were collected continuously by co-adding 128 scans at resolution 6 cm^−1^ until dehydrated using a Bruker Vertex V80v spectrometer coupled with a Hyperion 2000 microscope with a liquid nitrogen cooled narrow-band mercury cadmium telluride (MCT) detector at the Australian Synchrotron microspectroscopy infrared beamline ([@B20]). Rehydration experiments were performed using a purpose built dual window transmission device. Chicken erythrocytes are placed on one window of this device and rapidly desiccated under vacuum. The device is then reassembled and water gradually introduced using a syringe. The water pools in a cavity just below the windows enabling the water vapor to gradually rehydrate the cells. Spectra were recorded in transmission mode on a Bruker IFS28/B equipped with a deuterated triglycine sulfate (DTGS) detector at 6 cm^−1^ with 32 scans co-added. Nuclei were extracted from erythrocytes using Triton X-100 as has been detailed previously ([@B21]). Nuclei were then suspended in isotonic saline 1 ml/ml and measurements taken in the same manner as outlined for intact erythrocyte experiments.

FTIR of fibroblasts L-929 and lymphocytes
-----------------------------------------

Mouse cancerous fibroblasts clone line 929 were cultured in media as has been outlined previously ([@B22]). They were taken from culture at passage 15--25 by trypsinizing and suspended in isotonic saline 0.25 mg/ml. Immediately after suspension, they were transferred to the ATR diamond window where dehydration was achieved under nitrogen. Rehydration required the slow introduction of water to the dry film and was achieved by careful clamping of the film between the diamond window and sapphire pressure crystal. Isotonic saline was introduced by pipette (10 µl) to the exposed diamond window and allowed to seep into the fibroblast film. Spectra were collected as above but with no extended time interval between measurements. Synchrotron measurements of single fibroblasts were achieved using the same procedure used for the erythrocytes. Mammalian lymphocytes were separated from whole blood as previously described ([@B23]). FTIR spectroscopic measurements were recorded of rehydrating lymphocytes using the purpose built dual window transmission device and the same methodology and instrumental parameters that were adopted for the rehydrated erythrocytes.

Principal components analysis
-----------------------------

The bilinear modeling technique principal component analysis (PCA) was performed using 'The Unscrambler' software suite, version 9.2 (CAMO, Norway). This method, designed to reduce the dimensionality of the data set, decomposes the spectral series into principal components (PCs). Each PC is orthogonal to the previous PC with the variance described by each subsequent PC decreasing. Scores plots, which plot one PC against another, enable visualization of the position of each spectrum in 1-, 2- or 3-dimensional space relative to the other spectra. The loadings plot of a particular PC depicts the variables (wavenumber) responsible for the distribution of the spectra on the scores plot of that PC. The magnitude of a particular variable on the loadings plot corresponds to the degree to which it contributed to the variance in the scores plot.

For PCA, second derivative spectra were converted from an OPUS format to JCAMP files and imported directly to The Unscrambler software suite. PCA was performed on the 1800--800 cm^−1^ region and no samples were excluded based on outlier determination. PC1 versus PC2 scores plots and PC1 loadings plots were plotted for erythrocytes, fibroblasts, nuclei and DNA in response to hydration.

RESULTS
=======

FTIR spectra of double- and single-stranded DNA and single-stranded RNA
-----------------------------------------------------------------------

The FTIR spectrum of A- and B-DNA has been studied exhaustively in the past ([@B24; @B25; @B26; @B27]) with multiple bands assigned and identified as indicative of specific conformations. Nonetheless, to ensure no artifacts due to procedural differences between previous work and our research, reference series of DNA and RNA were acquired according to the experimental procedures used for acquisition of cell spectra. Both the dehydration and rehydration series of double-stranded DNA are in excellent accordance with previous work and show the distinct spectral signatures of B- and A-DNA ([@B24; @B25; @B26; @B27; @B28; @B29]). Moreover, the infrared marker bands for A- and B-DNA focused on in this work have been used frequently in the past to differentiate between DNA conformations involved in drug and protein interactions with DNA and correlated to other techniques used to determine DNA conformation such as circular dichroism ([@B30; @B31; @B32]), X-ray crystallography ([@B33]) and UV-Vis spectroscopy ([@B31],[@B32]).

The first and last spectrum of a gradual dehydration series of chicken erythrocytes and isolated double-stranded DNA (dsDNA) are shown in [Figure 1](#F1){ref-type="fig"}A and B with the main DNA conformational bands highlighted and assigned in [Table 1](#T1){ref-type="table"}. These spectra are indicative of fully hydrated cells and DNA and cells and DNA dehydrated to equilibrium with the atmosphere. Second derivatives of the spectra in [Figure 1](#F1){ref-type="fig"}A and B are shown in [Figure 1](#F1){ref-type="fig"}C and D. The full underivatized and second derivative spectra series of DNA dehydration and a rehydration are presented in the [Supplementary Figures S1](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1) and [S2](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1) along with underivatized and second derivative erythrocyte series ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1)). Second derivatives enable easier differentiation between overlapping bands and are used for identifying peak positions unless otherwise noted. Detailed assignments for all cells and biomolecules analyzed are presented in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1). Small differences in initial and final band positions are the result of hysteresis of the phase transitions. All measurements were performed in triplicate with calculated standard deviations quoted alongside average band positions and rounded off to the nearest whole number. Fully hydrated DNA exists in the B-conformation and accordingly the phosphate antisymmetric stretching vibration, ν~asym~(), is located at 1225 (±2 cm^−1^). Other markers for B-DNA include a peak at 1422 (±1 cm^−1^) assigned to the C2′-endo deoxyribose vibration ([@B27]) and a peak at 936 (±1 cm^−1^) previously assigned to a paired AT base vibration ([@B27]). Other prominent DNA infrared absorption bands include the phosphate symmetric stretching vibration, ν~sym~(), (1087 ± 1 cm^−1^) which appears sharp and more intense than the C--O stretch of the backbone, ν(C--O), (1051 ± 1 cm^−1^) and the peak at 969 ( ± 1 cm^−1^) assigned to the C--C stretch of the DNA backbone, ν(C--C). Each of these peaks undergoes a shift or change in intensity as a consequence of conformational change from B-DNA to A-DNA or from A-DNA to B-DNA in double-stranded films. One of the main markers for the B to A transition is the shift of the ν~asym~() from 1225 cm^−1^ (±2 cm^−1^) to 1238 (±1 cm^−1^) during dehydration. Upon rehydration this band shift reverses. In the underivatized series an underlying peak at 1211 (±1 cm^−1^) attributed to a thymine vibration ([@B34]) overlaps the ν~sym~() and obscures this shift. The sugar vibration shifts to 1420 (±1 cm^−1^) in accordance with the change from C2′-endo to C3′-endo. The band at 936 cm^−1^ (±1 cm^−1^) lacks intensity in the A-form and hence is a B-DNA marker. Similarly, the backbone ν~sym~() and ν(C--O) stretch vibrations at 1088 (±1 cm^−1^) and 1051 (±1 cm^−1^), respectively, both lose intensity and shape upon dehydrating. A strong shoulder is observed around 1100 cm^−1^ and a shoulder peak at 1067 (±1 cm^−1^) is identified in the A-DNA second derivative spectra. Finally, the ν(C--C) stretch red shifts to 966 cm^−1^ (±1 cm^−1^) in A-DNA. Figure 1.Fully hydrated (blue) and dehydrated (red) spectra of (**A**) intact chicken erythrocytes and (**B**) double-stranded DNA and the corresponding second derivatives for (**C**) intact chicken erythrocytes and (**D**) double-stranded DNA. Important DNA conformation bands are indicated and approximate band position given. Asterisk denotes bands which lose significant intensity upon B--A transition. Table 1.Important DNA conformational band assignments and approximate peak positions for B- and A-DNAAssignmentB-DNA (cm^−1^)A-DNA (cm^−1^)Base pair carbonyl ν(CO)17171712C2′/C3′-endo deoxyribose14221418Antisymmetric phosphate ν~sym~()12251238C3′endo-sugar phosphateAbsent1185Symmetric phosphate ν ()10871087[\*](#TF1){ref-type="table-fn"}Backbone ν(C--O)10511051[\*](#TF1){ref-type="table-fn"}Backbone ν(C--C)970965[^2]

Interestingly, examination of the underivatized and second derivative dehydration series of single-stranded DNA ([Supplementary Figures S1A](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1) and [S2A](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1)) also show each of these suggested B- and A-DNA marker bands including the ν~asym~() \[1224 (±2 cm^−1^)--1235 (±2 cm^−1^)\], the C2′/C3′-endo deoxyribose \[1422 (±1 cm^−1^)--1417 (±1 cm^−1^)\] and a band previously attributed to the AT base pair vibration \[936 (±1 cm^−1^)\]. The shifts and loss of intensity in the backbone vibrations in the spectral series of single-stranded DNA are also very similar to those seen in double-stranded DNA. Only two points of difference are discernible in the second derivative. A shoulder peak at 1184 (±1 cm^−1^) considered to be a sugar phosphate vibration with a high contribution from C3′-endo type puckering is seen most strongly in the dehydrated double-stranded DNA spectra of both the dehydration and rehydration series but not in the single-stranded spectra ([@B27]). Furthermore, the most striking contrast between the spectral series of single and double-stranded DNA is the presence of a strong shoulder peak at 1715 (±2 cm^−1^) in the double-stranded form only and attributed to a carbonyl stretching vibration ([@B23]). In contrast, the single-stranded DNA spectra show a strong peak at 1693 (±1 cm^−1^) and no obvious shoulder at 1715 cm^−1^. The second derivative spectra highlight a peak at 1717 (±1 cm^−1^) in only the most hydrated spectra but this is not nearly as intense as the peak in the spectra of the double-stranded DNA and is explained by the unavoidable incidence of random duplexing in single-stranded DNA while in solution. Based on this evidence and previous research, the absorption peaks in the 1720--1710 cm^−1^ region are attributed to nucleic bases with strong base stacking and pairing interactions while the red shifted absorption at ∼1690 cm^−1^ can be attributed to bases with weaker interactions ([@B23]). This base pair vibration at 1720--1710 cm^−1^ is thus considered diagnostic of duplexed DNA and when the remaining infrared absorptions are seen in conjunction, they can be regarded as diagnostic of B- and A-form DNA. The ability to undergo multiple dehydration/rehydration cycles with the base pairing vibration and 1184 cm^−1^ backbone vibration consistently apparent in the spectra provides strong evidence that the duplexed DNA has not denatured or transformed to single-stranded DNA during dehydration and is truly returning to pure B-DNA form.

Spectral series for the dehydration and rehydration of RNA were also acquired with the rehydration series and second derivative series shown ([Supplementary Figures S1B](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1) and [S2B](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1), respectively). The ν~asym~() was observed at 1242 (±1 cm^−1^) overlapping a RNA ribose specific band at 1215 (±4 cm^−1^) ([@B27]) regardless of the state of hydration. The ν~sym~(), ν(C--O) and ν(C--C) are consistent in position with those observed in the dehydrated DNA \[1083 (±3 cm^−1^), 1057 (±2 cm^−1^) and 965 (±4 cm^−1^), respectively\] though somewhat diminished. The nucleic base carbonyl vibration in RNA was detected at 1690 (±1 cm^−1^) similar to the single-stranded series. Again, only a small peak at 1712 (±1 cm^−1^) was observed and is again attributable to random duplexing. Most importantly, the added hydroxyl group at the 2′-position of ribose rings in RNA introduces sharp RNA-specific infrared absorptions at 1125 (±7 cm^−1^) and 993 (±1 cm^−1^). These particular peaks are considered diagnostic of the contribution of RNA in the nucleic acid backbone vibrations observed in cell spectra ([@B27]).

FTIR spectra of chicken erythrocytes
------------------------------------

The first and last second derivative spectrum from a dehydration and rehydration series performed on extracted chicken erythrocyte nuclei are shown in [Figure 2](#F2){ref-type="fig"}A and B, respectively. The full series is depicted in [Supplementary Figure 4](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1). Chicken erythrocytes were used for these experiments because of the large nucleus and relatively high DNA concentration, furthermore, because the nucleus is almost completely metabolically and transcriptionally inactive, the contents of the cells are conserved between samples and the interference from other cell components is confined to well-characterized macromolecules. As such the major peaks in the raw spectra are those attributed either to nucleic acid or protein. All the nucleic acid peaks documented in the hydrated double-stranded DNA as indicative of B-DNA are present in the hydrated nuclei spectra and are observed to be predominantly due to duplexed DNA as supported by the presence of the strong base pairing vibration at ∼1717 cm^−1^ and the lack of RNA marker bands. Moreover, the shifts and changes in band profile identified in the DNA spectral series as indicative of the B to A transition are observed upon dehydration of the erythrocyte nuclei. The fully hydrated second derivative spectrum from the end of a rehydration series shown in [Figure 2](#F2){ref-type="fig"}B (blue spectrum) demonstrates no detectable difference with the initial hydrated nuclei spectrum ([Figure 2](#F2){ref-type="fig"}A, blue spectrum) and is in concordance with the A to B transition seen in rehydrating DNA films. This demonstrates that the DNA remains not only intact and duplexed but also returns to the initial native structure. Figure 2.Second derivative spectra of fully hydrated (blue) and dehydrated (red) (**A**) extracted chicken erythrocyte nuclei undergoing dehydration (ATR-FTIR), (**B**) extracted chicken erythrocyte nuclei undergoing rehydration (ATR-FTIR), (**C**) mammalian cancerous fibroblasts (L-929) undergoing rehydration (ATR-FTIR) and (**D**) mammalian lymphocytes undergoing rehydration (T-FTIR).

The ATR-FTIR dehydration series on intact chicken erythrocytes depicted in [Figure 1](#F1){ref-type="fig"}A was duplicated with S-FTIR measurements of single cells dehydrating and T-FTIR measurements of bulk erythrocytes rehydrating ([Supplementary Figure 5](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1)). Results across all methods were concordant with rehydration resulting in identical spectra to those taken of intact hydrated native erythrocytes. Peak position and intensity in the backbone region of the spectra (1300--800 cm^−1^) remain the same as those demonstrated and attributed to double-stranded DNA in extracted nuclei and in the native DNA films. The peak shifting and intensity changes are also in excellent agreement with B-like DNA in the hydrated cell spectra and A-like DNA in the dehydrated cell spectra.

FTIR spectra of fibroblasts and lymphocytes
-------------------------------------------

The full underivatized and second derivative ATR-FTIR spectral series for the rehydration of a population of cancerous mouse fibroblasts (cell line L-929) are presented in [Supplementary Figure 6](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1). A similar T-FTIR series for lymphocytes is presented in [Supplementary Figure 7](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1). The results from the fibroblast ATR experiments were also duplicated on a single cell using S-FTIR and depicted in [Supplementary Figure 8](http://nar.oxfordjournals.org/cgi/content/full/gkr175/DC1). [Figure 2](#F2){ref-type="fig"}C shows the first and last spectrum of an ATR-FTIR series of rehydrating fibroblasts while [Figure 2](#F2){ref-type="fig"}D show the first and last spectrum for a T-FTIR series of rehydrating lymphocytes. In these series the higher phospholipid and collagen content of a functional fibroblast is expected to contribute to the spectra and complicate the interpretation of the region \<1300 cm^−1^. Despite these anticipated difficulties, the presence of the DNA base pair vibration is observed at ∼1717 cm^−1^ in both the fibroblast and lymphocyte series. The neighboring absorption at ∼1735 cm^−1^ is attributed to the phospholipid ester carbonyl and is distinctly separated from the base pair vibration in the second derivatives. Remarkably, both fibroblast and lymphocyte series are observed to have the marker bands associated with the B to A transition upon dehydration and the A to B transition upon rehydration. However, it should be noted that instead of a clear red shift of the ν~asym~() upon rehydration in the fibroblast and lymphocyte series there appear to be two overlapping bands in all of the spectra with a gradual transition from a more intense 1237 cm^−1^ in the fully dehydrated spectra to a more intense 1222 cm^−1^ in the fully rehydrated. This is reproduced in the dehydration spectra of the single fibroblast cell and is due to the presence of non-DNA phosphates such as phospholipids, RNA and phosphorylated proteins in the fibroblasts. Nonetheless, the changing intensity provides evidence for the DNA phosphate absorption changing with the conformational transition.

Spectral trend analysis
-----------------------

To evaluate the similarity of the changes indicative of a B to A/A to B transition and the changes observed in nuclei and cell spectra the spectral features in two marker band regions have been plotted. Because of the nature of the experiments a precise hydration value cannot be calculated and consequently there is no numerical value on the *x*-axis. In [Figure 3](#F3){ref-type="fig"} the peak position of the ν~asym~() is shown in relation to the hydration level of the sample. All nuclei and cell samples, regardless of whether the experiment was a rehydration or dehydration and the type of FTIR used, show the same characteristic sigmoidal-shape trend as the B to A transition of double-stranded DNA. Furthermore, all trend curves display similar start and end points indicating the ν~asym~() peak to have similar positions for all samples in the fully hydrated and dehydrated states. This further supports the hypothesis that the DNA within the cells is returning to the native B-like state upon rehydration. [Figure 4](#F4){ref-type="fig"} shows the trend plot of the peak position of the ν(C--C) with relation to the level of sample hydration. Again, all nuclei and cell types under all experimental conditions show a very similar trend to that observed during the B--A and A--B transition of double-stranded DNA. Unlike the sigmoidal profile of the transition of the ν~asym~() peak shown in [Figure 3](#F3){ref-type="fig"}, this transition is gradual, approximating a linear relationship over the duration of the experiment. Figure 3.Trend plot showing the shift of peak position of the antisymmetric phosphate stretching vibration from ∼1224 to 1236 cm^−1^ with decreasing/increasing hydration. Series plotted for dehydration and rehydration are indicative of trends seen across all experiment types. Figure 4.Trend plot showing the shift of peak position of the C--C stretching vibration from ∼969 to ∼965 cm^−1^ with decreasing/increasing hydration. Series plotted for dehydration and rehydration are indicative of trends seen across all experiment types.

Principal component analysis
----------------------------

Further evidence of the B to A transition in cell samples was assessed using the multivariate statistical method of PCA. This analysis was performed on the second derivative data of each series to examine the spread and the cause of the major variance in the spread of each spectral series. The resulting scores plots show the relative position of each spectrum in a series in the 2D space formed by the first and second principal components (PC1 and PC2) of the analysis. PCA performed on second derivative series of double-stranded DNA dehydration, chicken erythrocyte nuclei rehydration, chicken erythrocyte dehydration and fibroblast rehydration resulted in very similar separation of the spectra in each series into a parabolic scatter plot along PC1 and PC2 with the most hydrated spectra having the most negative PC1 scores and the most dehydrated spectra having the most positive PC1 Scores, regardless of the nature of the experiment. Separation along PC1 was sequential for all series.

The explained variance for PC1 across the second derivative spectral region 1800 to 800 cm^−1^ is 93% for both double-stranded DNA and chicken erythrocyte nuclei and 96% for both chicken erythrocytes and fibroblasts. The variance associated with PC2 is 3--5% and examination did not yield any significant pattern. [Figure 5](#F5){ref-type="fig"} shows the loadings associated with PC1 of each of the four samples analyzed. Peaks in the loadings plot correlate to the negative scores (the more hydrated spectra) while troughs correlate to the positive scores (the more dehydrated spectra). The magnitude of a peak or trough is indicative of the degree to which that particular infrared absorption influenced the spread of the scores plot: the largest peaks/troughs caused the most variance. Examination of the loadings plots demonstrated that interference from the water deformation mode did not affect the PCA to any significant degree. Instead, the most significant causes for variance are largely confined to DNA-related absorbances. All four loadings demonstrate the prominence and consistence of the known B to A-DNA marker bands, including those used to construct the trend plots ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). The characteristic ν~asym~() shift is evident with peaks at 1223 (±2 cm^−1^) and troughs at 1240 (±5 cm^−1^). The shift of the ν(C--C) of the backbone seen in the underivatized spectra series and plotted in [Figure 4](#F4){ref-type="fig"} is further amplified by PCA with a peak at 973 (±2 cm^−1^) attributed to the hydrated spectra and a trough at 958 (±2 cm^−1^) attributed to the dehydrated spectra. The ν~sym~() band was observed to lose intensity and broaden upon dehydration and, accordingly, the PC1 loading identifies ν~sym~() as contributing strongly to hydrated spectra (1087 ± 1 cm^−1^) while a trough at 1099 ± 1 cm^−1^ is associated with the dehydrated spectra. This is in good agreement with the second derivative spectra that similarly show a shoulder at 1100 cm^−1^ for dehydrated spectra. The remaining loadings from 1100 to 800 cm^−1^ are remarkably similar because protein absorptions do not interfere in this region as strongly as they do in the typical Amide I, II and III regions. The shoulder at 1062 (±1 cm^−1^) is attributed to the dehydrated spectra while the sharp ν(C--O) (1051 ± 1 cm^−1^) contributes most to the hydrated spectra. Furthermore, the smaller peaks and troughs seen in the 1100--800 cm^−1^ region are largely concordant and demonstrate potential as further diagnostic bands for the presence of B- and A-like DNA. Figure 5.Principal component 1 loadings plots for (**A**) dehydrating double-stranded DNA, (**B**) rehydrating chicken erythrocyte nuclei, (**C**) dehydrating chicken erythrocytes and (**D**) rehydrating mammalian fibroblasts. In all cases, peaks are attributed as causing variance in hydrated sample spectra while troughs are attributed as causing variance in dehydrated sample spectra.

Other diagnostic bands include the A-DNA marker band at 1184 (±1 cm^−1^). While it is quite intense as a trough in the PC1 loading of native DNA it is a somewhat smaller trough in the three other PC1 loadings demonstrating the presence of only a proportion of pure A-DNA because it is not as strong as would be predicted from the spectrum of pure A-DNA. The PC1 loadings also display a peak at 1719 (±1 cm^−1^) and a trough at 1707 (±2 cm^−1^) consistent with the presence of the base pair carbonyl vibration and the red shift of this vibration during a B to A type transition.

DISCUSSION
==========

We demonstrate, using FTIR spectroscopy, the detection of an overall conformational B-like to A-like transition in the DNA of several eukaryotic cells and the reverse A-like to B-like transition upon rehydration. Furthermore, we show that spectra of hydrated cells, including cells previously considered to yield little or no absorptions from DNA, produce sharp DNA-specific peaks in the hydrated state which broaden and lose intensity when dehydrated.

Intense DNA peaks detectable in all samples in the backbone region (1300--800 cm^−1^) were assigned according to previous work conducted on DNA conformation using FTIR spectroscopy ([@B24; @B25; @B26; @B27; @B28; @B29]). Peaks assigned to the vibrational modes of the nucleic bases are more difficult to observe due to their smaller intensities compared to the backbone vibrations especially in the 1700--1300 cm^−1^ region where overlapping protein bands dominate. The base pairing vibration at 1717 cm^−1^ is easily discernible in the second derivative spectra and PC1 loadings plot of each cell series investigated and is a definitive marker for duplexed nucleic acids because it is only in this state that the base stacking and hydrogen bond effects can combine to shift the nucleic acid carbonyl vibration from 1690 cm^−1^ (as observed in single-stranded DNA and RNA) to 1717 cm^−1^. A confounding contribution from RNA in the cell spectra is discounted due to the lack of or, in the case of the fibroblasts and lymphocytes, comparatively small, RNA specific peaks at 1120 and 995 cm^−1^. As previously reported on single-stranded phosphodiester and phosphorothioate oligodeoxyribonucleotides, hydration alone does not induce the characteristic shift of the ν~asym~(); a cooperative change in the conformation of the entire molecule must take place ([@B35]). For this reason, the RNA spectra series lacks the ν~asym~() shift. The sigmoidal shape generated in trend plots showing the position of the ν~asym~() peak versus degree of hydration is similar to that observed in a cooperative system such as oxygen binding to hemoglobin and is typical of many reversible enzymatic systems where a known quaternary structural change facilitates the rate of enzymatic activity. This is in contrast to the plot of the position of the ν(C--C) mode which is more linear with respect to hydration but still has some sigmoidal character. More work is required to interpret which bands are definitive conformation bands and which bands are more affected by direct hydration but the above results along with earlier studies by White *et al.* ([@B35]) appear to indicate that the ν~asym~() is in fact sensitive to DNA conformational change and not direct hydration.

In monitoring the subtle spectral changes of dehydrating and rehydrating samples, the primary principal component (PC1) loadings and second derivatives most clearly show peak positions associated with the B- and A-like DNA. Moreover, the loadings indicate that one of the major changes in the infrared spectrum of both dehydrating and rehydrating cells is very similar to the B to A conformational change observed in pure DNA in response to hydration, cation and ethanol concentration ([@B36; @B37; @B38]).

While this transition was anticipated as a reversible event in the DNA film series it was somewhat surprising that the infrared signature of this transition is replicated so closely in the spectral series of nuclei and cells during both dehydration and rehydration. DNA within cells does not exist in either a pure B- or A-form due to the bending induced by both local looping around histone octamers to form nucleosomes and the negative supercoiling caused by the negatively charged phosphate backbone ([@B14]). *In situ* DNA is also constantly dynamically interacting with proteins, neighboring nucleic acid and counter-ions during transcription, replication and in the dormant state. Nonetheless, the majority of DNA in cells has always been assumed to take on a B-like form and *in vitro* experimentation has supported this assumption ([@B14],[@B27]). The hypothesized ability of *in situ* DNA to transition to an A-like conformation while retaining functionality has generally been restricted to short sequences of the DNA ([@B5; @B6; @B7; @B8; @B9]) or through saturation with DNA protecting proteins as demonstrated in some spores ([@B11],[@B12]). Contradicting this assumption is the fact that the concordance between PC1 loadings indicates an averaged conformational shift from B- to A-like DNA during dehydration. FTIR spectroscopy cannot demonstrate a complete transformation of the *in situ* genomic DNA due to acquired spectra representing an average of all of the DNA within the cell, however the absorbance spectra, second derivative spectra, trend plots and PCA plots clearly show a general shift from majority B-like in the hydrated state to majority A-like in the dehydrated state. Similarly, those sections of DNA in an A-like conformation in the native hydrated state are not detected clearly in infrared spectra of hydrated cells because they do not constitute a large enough proportion of the DNA to influence peak position. This undoubtedly includes those stretches of DNA known to be A-philic and those interacting with proteins or ions which induce the A conformation. The presence of B-like DNA with A-like sugar conformations ([@B39]) is also undetectable, because those absorption bands influenced strongly by sugar conformation are relatively small and located in proximity to large protein or phosphate bands.

The absorbance spectral series of dehydrating DNA, nuclei and cells show clearly that the B to A transition also results in band broadening and intensity loss in the ν~sym~() and ν(C--O) backbone absorption intensities. In the hydrated cell spectra these bands are seen as sharp, specifically located peaks. In concordance with this, both the second derivative spectra and PC1 loadings show strong shoulders at 1100 and 1063 cm^−1^ in all dehydrated samples. These changes in the DNA peaks of all samples are indicative of the transition from the native B-like DNA found in live, hydrated cells to an A-like structure in a non-homogenous environment. During dehydration the shielding of proximate cellular macromolecules is expected to be significantly diminished allowing for steric and van der Waals interactions that are far less common in the hydrated environment. These interactions cause infrared absorptions, particularly those associated with exposed parts of the DNA, namely the backbone, to broaden.

With this important aspect of the dehydrated A-like structural environment noted, it becomes even more remarkable that the DNA monitored inside dehydrated chicken erythrocyte nuclei and intact chicken erythrocytes, as well as mammalian lymphocytes and fibroblasts, can be rehydrated to the B-like DNA native to live cells. The spectra of live cells and cells rehydrated from a dehydrated state demonstrate that the transition is largely reversible with potential for only small localized conformational differences existing. This transition from B-like DNA to an A-like form under stress from proximate molecules in cells during dehydration possibly plays an important role in the ability of microorganisms such as yeast and bacteria to regain full functionality from a lyophilized state ([@B40]). The necessity of dehydrating the cell samples to an extent where a full B to A transition was confirmable and to then hold them in this dehydrated state for several hours ruled out any possibility of keeping the cells alive during the experiment. However the intact nature of the cells upon rehydration and the native-state B-like structure observed demonstrate the potential implications of this result. As such, the conservation of structural integrity of DNA via a B to A-like transition enabling a return to the native state in *in situ* cellular DNA potentially may allow elucidation of the mechanisms by which various cells have previously been shown to survive dehydration both naturally and through lyophilization methods ([@B40],[@B41]). Furthermore, the ability of dehydrated A-like DNA to retain the ability to return to a B-like functional state is an important consideration in recent work to enable the long-term storage of somatic cells in a dehydrated state for clinical use ([@B40],[@B41]).

A further important aspect of the band broadening and overall loss of intensity in the ν~sym~() and ν(C--O) absorptions of A-like DNA spectra is that, in this state, detection becomes inherently more difficult due to an inability to distinguish DNA specific contributions to these broad bands from the underlying peaks and shoulders due to other cellular components. The preference in the past for FTIR spectroscopy to be conducted on dehydrated biological specimens ([@B16]) has consequently encountered the problem of not detecting DNA ([@B21]). By using hydrated samples, we demonstrate the sensitivity infrared spectroscopy has, not only to the presence of DNA *in situ*, but also to conformation. As a consequence, improvements in the detection of cancer using FTIR spectroscopy are anticipated. As previously demonstrated by image cytometry, increased DNA content in dysplastic tissue as a consequence of aneuploidy results in the average amount of DNA per cell increasing from the healthy diploid value of ∼6 pg to values as high as four times that ([@B42]). Neoplastic tissue will be similarly detectable due to the uncontrolled proliferation of cells resulting in a sharp decrease in the number of cells in the quiescent cell cycle phase. Instead, cells proceed from mitosis directly to interphase and consequently DNA synthesis. This result in an overall increase in the proportion of time cells contain double the amount of the genetic material and a consequent increase in the average DNA content of these neoplastic cells ([@B43]). This ability to monitor DNA concentration, along with conformation, using FTIR signifies a dramatic improvement in the examination of DNA in cells and has implications for the study of disease, cell survival in the dehydrated state, and chromatin theory.
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